OBJECTIVES: Reimplantation of branch vessels is an important component of thoraco-abdominal aortic aneurysm repair. The goal of this study was to assess the anatomical results of branch vessel reimplantation, which have rarely been investigated.
INTRODUCTION
Reimplantation of visceral and segmental (intercostal and lumbar) branches is an important part of the surgical replacement of a thoraco-abdominal aortic aneurysm (TAAA). Since the early introduction of the inclusion technique, various techniques have been used for branch vessel reimplantation: handmade composite graft, single or multiple Carrel patch anastomosis and readymade branch grafts [1, 2] . Although the choice of the technique has been left at the discretion of the individual surgeon, only a few reports have been published regarding the technical details, risk of anastomotic bleeding and patency of branch vessels and its impact on postoperative outcomes [3] [4] [5] [6] [7] [8] .
Because we have been using combinations of different reimplantation techniques the goal of this study was to investigate the early and long-term patency and other anatomical results of branch vessel reimplantation during TAAA replacement using computed tomographic (CT) angiography. We also examined the impact of branch vessel patency on the postoperative clinical outcomes, such as visceral and spinal cord ischaemia.
MATERIALS AND METHODS

Patients
From May 2006 through January 2017, 178 patients underwent thoraco-abdominal aorta replacement in our institution. Contrast-enhanced CT angiography was performed before discharge in 168 patients whose preoperative characteristics are listed in Table 1 . The medical records of these patients were reviewed to identify the details of the surgical procedure and postoperative outcomes. The institutional review board approved this research and waived informed consent (IRB No. B-1707-406-101).
General surgical principles
Our surgical protocol was described previously [9] . It includes mild permissive hypothermia, cerebrospinal fluid drainage for Crawford Type I-III extent, distal aortic perfusion and sequential clamping as possible. For distal perfusion, femorofemoral cardiopulmonary bypass was preferred to left heart bypass. During exclusion of the visceral branches from the circulation, they were selectively perfused with blood via balloon catheters at a flow rate of 100 ml/ min/branch. Deep hypothermic circulatory arrest was used only when the cross-clamping of the arch was considered dangerous or impossible due to dense adhesions, severe atherosclerosis or intraluminal thrombus.
Graft configuration and branch vessel reimplantation
Generally, a branched graft has been the most frequently used form of visceral branch reimplantation in this series. A bevelled anastomosis and the patch technique have been used selectively only when there is no wide displacement of the visceral branches and they are free from calcification or severe atherosclerosis (Figs 1A and 2A). For patients with Marfan syndrome, the branched graft technique has been the technique of choice. The commercially available ready-made branched graft (Coselli thoraco-abdominal graft, Vascutek Ltd, Renfrewshire, UK) is most frequently used since it became available in our country. Previously, composite branched grafts were made using various combinations of Dacron grafts in various configurations while the patient was on the operating table (Fig. 1B) . In some patients, improvization was needed to make the composite grafts to deal with atypical anatomical problems (Fig. 1C) .
Because we did not identify the origin of the Adamkiewicz artery by preoperative imaging, the segmental arteries were selected for reimplantation intraoperatively. Among the segmental arteries between the seventh thoracic and the first lumbar vertebral level, we reimplanted those with a large (at least > _1 mm) diameter and poor back bleeding while maintaining the mean blood pressure above 70 mmHg in both the proximal and distal segments of the aorta. The segmental arteries were reimplanted before the visceral branches to minimize the duration of spinal cord ischaemia. The reimplantation technique was selected based on the location of the branches and the technical complexity (Fig. 2B) . The graft interposition technique was preferred when the aortic wall around the segmental artery ostium was thought to be friable, calcified or surrounded by muddy atheroma. Recently, we have used a new technique that we named 'frontage graft' in which multiple small patches of segmental arteries are reimplanted into the side of an 8-12-mm Dacron graft running parallel to the main aortic graft, of which both the proximal and distal ends are anastomosed end-to-side to the main aortic graft (Fig. 2B-e) .
Review of computed tomographic images
The CT scan was done with a 64-slice (Brilliance 64; Philips Medical Systems) multidetector row scanner. Images were acquired from Tables 3 and 4. the mandibular level to the feet in 2-mm thickness and 1-mm intervals after a bolus intravenous injection of 100-120 ml nonionic contrast material (Ultravist 370, Schering, Berlin, Germany) followed by 3-min delayed scanning. The early postoperative imaging was performed 3 to 4 days after surgery, and 81 patients underwent follow-up CT angiography beyond 1 year after surgery. The mean interval of the last CT scan from surgery was 57.7 ± 29.4 months, with the longest being 122 months. The images were reviewed by 2 radiologists and the senior surgeon. The patency of the reimplanted branch vessels was assessed by reviewing both axial and reconstructed 3D images (Figs 3 and 4). 
Statistical analysis
RESULTS
General outcome of thoraco-abdominal aortic aneurysm replacement
Of the 178 patients who underwent thoraco-abdominal replacement, 8 (4.5%) patients died within 30 days after surgery. Early postoperative CT scans could not be performed in these patients plus in 2 patients who had worsening of preoperative renal dysfunction. An additional 4 patients died after 30 days resulting in an in-hospital mortality rate of 6.7%. The most frequent cause of inhospital death was multiple organ failure secondary to massive cholesterol embolism (3 patients), severe preoperative shock due to aneurysm rupture (2 patients) and embolic bowel infarction (2 patients). The other causes were intracranial haemorrhage, rupture of distant mycotic aneurysm, mediastinitis associated with pre-existing aorto-oesophageal fistula, myocardial failure due to intraoperative coronary air embolism and respiratory failure caused by rupture of giant bullae. Spinal cord ischaemia developed in 13 (7.3%) patients, 4 of whom became permanently paraplegic. The other complications are described in Table 2 .
Patency of visceral branches
Among a total of 494 visceral branches reimplanted, the coeliac trunk, superior mesenteric artery and right renal artery showed 100% early patency rates, regardless of the reimplantation technique. Occlusion of the interposition graft anastomosed to the left renal artery was observed in 6 of 101 cases (5.9%) in the early postoperative CT scans. In late CT scans, new occlusion of the branch graft was found in 1 of 44 right renal arteries and in 1 of 53 left renal arteries, whereas there was no new occlusion of the coeliac trunk and superior mesenteric artery (Table 3 ).
Patency of segmental arteries
A total of 240 segmental arteries were reimplanted in 116 patients. Patency rates of the reimplanted segmental arteries differed based on the reimplantation technique. Among the 140 segmental arteries reimplanted as part of a large en bloc patch, 6 were ligated or oversewn intraoperatively due to avulsion or bleeding and 5 arteries were not visualized in the early postoperative CT scans. As a result, the early patency rate for this technique was 96.3% (129 of 134) and 92.1% on the intention-to-reimplant basis. In the case of small patches containing only 1 artery, intraoperative takedown was needed in 7 of 53 (13.2%) cases. Two additional arteries were not visualized in the early postoperative CT scans, resulting in an occlusion rate of 4.3% (2 of 46 cases). The segmental arteries reimplanted via a branch graft with a single inflow (proximal anastomosis to the main aortic graft) showed the highest occlusion rate: 26 of 35 (74.3%) cases. In contrast, reimplantation of the segmental arteries into a frontage graft resulted in a 100% patency rate. In late follow-up CT images, new occlusion of the branch graft was found in 2 of 4 cases, whereas the incidence of new occlusion was very low in the case of the patch technique (Table 4) .
Events associated with branch vessel reimplantation
As mentioned previously, takedown of 13 reimplanted segmental arteries was needed because of bleeding from the patch anastomotic line. In addition, reoperation for control of anastomotic bleeding from the segmental artery reimplantation sites was needed in 3 patients: 2 cases of small individual patch and 1 case of large en bloc patch. There were no such problems in the visceral branch reimplantation sites and the grafts interposed to the segmental arteries. Early occlusion of the renal artery led to acute renal failure in 1 of the 6 patients. He already had chronic renal dysfunction and atrophic kidneys before surgery. Long-term haemodialysis was started on the first postoperative day. Late occlusion of both renal arteries developed in a patient who also had preoperative chronic renal dysfunction and atrophic kidneys. He became haemodialysis dependent and underwent a renal transplant 4 years later.
In this series, which comprises 168 patients who underwent early postoperative CT scanning, postoperative spinal cord ischaemia developed in 12 (7.1%) patients. Immediate paraparesis was observed in 3 patients; leg motor function improved completely before discharge in all of them. In the remaining 9 patients, paraplegia or paraparesis occurred as a delayed event at 8 h to 19 days after surgery. Six of them recovered completely after elevation of the blood pressure (systolic pressure above 140 mmHg), resumption of cerebrospinal fluid drainage and steroid therapy. Three patients in this series (1.9%) became permanently paraplegic. To analyse the impact of segmental artery reimplantation, the incidence of paraplegia/paraparesis was compared among the 3 groups: those in whom segmental arteries were successfully reimplanted as intended without intraoperative takedown or postoperative occlusion (n = 83); those in whom all segmental arteries arising from the replaced aorta were sacrificed intentionally (n = 52) and those in whom an intended reimplantation failed because of takedown or occlusion (n = 33). The incidence of spinal cord ischaemia was significantly higher in the last group (4.8% vs 3.8% vs 18.2%, P = 0.022), and permanent paraplegia developed only in the latter 2 groups.
Late patch aneurysm
In late CT images, dilatation of a branch vessel patch, defined as a > _5 mm increase in the maximal diameter of the corresponding aortic segment, was observed in 2 of 41 visceral branch reimplantation patches including 1 incorporated in a bevelled anastomosis between the aorta and the prosthetic graft and in 9 of 55 segmental artery patches. The incidence was not significantly different between a large en bloc patch and a small individual patch (17.1% vs 14.3%) or between patients with and without Marfan syndrome (25.0% vs 12.8%).
DISCUSSION
For the successful surgical repair of TAAA, surgeons have to consider several technical issues such as exposure, extracorporeal circulation and measures used for organ protection [10] [11] [12] [13] . In addition to such components, which have been the subject of many articles in the literature, reimplantation of the visceral branches and segmental arteries is also an important part of TAAA replacement. However, literature regarding the technical details and the outcome of branch vessel reimplantation is relatively scarce. Our own literature search for studies similar to this study found 2 articles reporting visceral branch patency [3, 4] and only 1 report of the patency rate of reimplanted intercostal arteries [5] .
The series of Youssef et al. comprised the mixed techniques of Carrel patch and graft interposition and reported a 5-year patency rate of 100%, 97.5%, 90.3% and 92.3% for coeliac trunk, superior mesenteric artery, right renal artery and left renal artery, respectively. Recently, Kouchoukos et al. [4] reported a 97.0% patency rate of 298 interposition grafts anastomosed to the visceral branches; the patency rate was not significantly different, regardless of the target branches. Compared with the inclusion patch technique, which was popularized earlier by Crawford and Schuessler [1] , we believe that the graft interposition technique is advantageous because it allows better segmental clamping, decreases the organ ischaemic time and makes the management of anastomotic bleeding easier. Although one may be concerned about the risk of thrombotic occlusion of the branch grafts, the excellent patency rate in our results consistent with the previous studies confirmed that such a risk is very low.
Our results showed a unique and important finding that is worth attention: early occlusion of the left renal artery graft in 6 patients. We assumed that the occlusion was secondary to redundancy and kinking of the graft because postoperative CT scans frequently showed such findings in the patent left renal artery graft. Our explanation for such a finding is as follows: As the abdominal aorta is approached retrorenally after medial visceral rotation, the left kidney is anteriorly displaced from its natural position. The interposition graft anastomosed at this position tends to be much longer than the adequate length, making it vulnerable to redundancy and kinking. We emphasize that the surgeon must keep this fact in mind when determining the orientation of a presewn branched graft. Sometimes, the origin of the left renal artery graft may have to be repositioned into a different position in the main aortic graft. Another advantage of the graft interposition technique is that it prevents the late development of a patch aneurysm, which is found in 4-8% of large patches incorporating multiple visceral branches [7, 8] . Despite our limited use of the bevelled anastomosis or patch technique, we observed dilation of the patch by 6 mm in 2 cases, 1 and 3 years after surgery, respectively. Considering the relatively short average follow-up period, a patch aneurysm may develop in more patients in the future. With the preceding advantages and pitfalls taken into consideration, we believe that graft interposition is the technique of choice for visceral branch reimplantation.
In contrast to the visceral branches, intercostal and lumbar arteries reimplanted via interposition grafts showed a significantly poor patency rate. Similar results have been published by Omura et al. [5] who reported that the graft interposition technique resulted in a lower patency rate compared with the Carrel patch reimplantation: 65.3% vs 90.8%. We assume that the size discrepancy between the prosthetic graft and the small segmental artery with limited run-off causes static flow and risk of thrombotic occlusion. The same problem would exist in cases of sequential reimplantation in an end-to-side manner as long as the most distal anastomosis ends in a small segmental artery. Our still lower patency rate of an interposition graft compared with Omura et al.'s result may be attributed to the difference in the technical details. With our technique, the composite graft was prepared before the aorta was clamped by attaching one or two 8-to 12-mm tubular grafts to the main aortic graft. The target segmental arteries for reimplantation were determined after the aorta was opened, and the length of the interposition grafts was determined when the main graft was stretched after completion of the proximal anastomosis to the aortic stump and declamping. As a result, the origin of the branch graft and the target vessel would be located at different levels, resulting in a long interposition graft. The illustration in Omura et al.'s article showed that the intercostal arteries were reimplanted to the main aortic graft at the same horizontal level by interposing a short perpendicular graft. The short length of the interposition grafts may explain their better patency rate compared with ours.
The patch technique carries the risk of later aneurysm development [6] [7] [8] . Although reimplantation of individual segmental arteries in multiple small patches is supposed to reduce the possibility of a patch aneurysm, in our experience, this technique needed more time for suturing and had a higher incidence of anastomotic bleeding and takedown. A few technical modifications have been introduced to achieve the goals of better patency and less risk of a patch aneurysm [14] [15] [16] [17] . In Woo et al.'s technique, multiple segmental arteries were reimplanted in a large en bloc patch into a side loop 8-mm graft with the promise of better patency because continuous blood flow in the side loop was maintained through 2 anastomoses into the main graft [17] . Inspired by the technique, we recently added a further modification (Fig. 2B-e) . In our technique, segmental arteries are reimplanted into the side loop in individual small buttons. Just as the service road that runs parallel to a highway is called the 'frontage road', we named our technique the 'frontage graft'. We think that this technique can decrease the risk of bleeding by avoiding a long suture line and shorten the duration of spinal cord ischaemia because the individual branches can be reperfused promptly after each anastomosis is completed. Although the experience is yet in a very early stage, the outcome so far has been satisfactory, at least in terms of early patency.
The role of segmental artery reimplantation in the prevention of spinal cord ischaemia remains debatable [18, 19] . The modern concept of a collateral network suggests that the segmental arteries can be safely sacrificed in most patients undergoing TAAA repair [19] . In our experience, the incidence of spinal cord ischaemia did not increase, even after the sacrifice of all the segmental arteries as long as the decision to sacrifice was made after confirming a copious amount of back bleeding, which suggests rich collateral networks. However, we also believe that some patients have a poor or marginal collateral supply and thus require reimplantation of critical segmental arteries to ensure sufficient perfusion to the spinal cord [18] . Such patients may explain the association between occlusion of the reimplanted segmental arteries and spinal cord ischaemia in the results of our study and Omura et al.'s multivariate analysis. Consequently, we believe that those making intraoperative decisions about the reimplantation technique and doing clinical research on spinal cord ischaemia should pay more attention to the patency of reimplanted segmental arteries, not only to the issue of 'reimplant or not?' but also to the issue of 'which to reimplant?'.
Limitations
The limitations of this study were the relatively short follow-up period and the absence of late CT images for many patients. Therefore, we could not provide the long-term patency rate in survival curves. In our policy of postoperative follow-up, CT imaging is performed in 2-to 3-year intervals unless there is another aortic lesion remote from the replaced segment or an early postoperative condition necessitating close observation such as anastomotic stenosis and graft kinking. Consequently, the absence of CT images beyond 1 year after surgery in 87 patients of this series does not mean that all of them were lost to followup. Excluding 14 patients who died during follow-up and 10 patients who were lost to follow-up, late follow-up CT imaging for the majority of the remaining patients is scheduled in the timing after closure of data collection for this study. We expect that our continuous accumulation of data and future research can provide clearer suggestions regarding the long-term fate of the reimplanted branches. For the time being, based on the low incidence of late new occlusion in our results, we believe that the most important determinant of long-term patency is the early patency, which is mainly determined by the selection of the reimplantation method and technical failure.
Another limitation is that we did not identify the origin of the Adamkiewicz artery by preoperative imaging, and the selection of the segmental arteries for reimplantation was made in a rather arbitrary and subjective manner. We expect that the impact of segmental artery reimplantation on spinal cord ischaemia can be shown more clearly by future research of this kind performed at the centres where preoperative identification of the Adamkiewicz artery is a part of their routine practice.
Lack of subgroup analysis comparing the patency rates among different aetiologies is also a limitation of this study. In the results of our analysis, which are not shown in the main text, the incidences of overall spinal cord ischaemia and occlusion of the reimplanted segmental arteries were not significantly different between a degenerative aneurysm (8.3% and 9.7%, respectively)
